In nonlinear dynamic analyses of RC structures based on fiber-based discretization of member cross-sections, the constitutive model used to represent the cyclic behavior of reinforcing steel typically plays a significant role in controlling the structural response especially for nonductile systems. The accuracy of a fiber-section model is almost entirely dependent on the ability of both the concrete and reinforcing steel constitutive material models to represent the overall inelastic behavior of the member. This paper describes observations related to the fundamental properties of reinforcing steel such as buckling, hardening, diminishing yield plateau and growth of curvature, Bauschinger effect, and low-cycle fatigue and strength degradation that are relevant to the overall task of developing an accurate material model for use in seismic response analysis of reinforced concrete structures.
Background and Introduction
Advanced research on modeling inelastic behavior of reinforced concrete (RC) components have been conducted in an effort to improve the accuracy in predicting the nonlinear response of RC structures for performance-based seismic evaluation. The use of a fiber model-based discretization of an RC section is currently the most advanced approach in nonlinear frame analysis. In such cases, the proper modeling of nonlinear material behavior is crucial in the overall analysis framework. A simple bilinear model, however, is still commonly adopted as the constitutive model of reinforcing steel in nonlinear analysis for RC structures while confined concrete properties are modeled using confined models proposed by Mander et al [1] , Hoshikuma et al [2] , etc. As shown in Fig. 1 , the seismic response of an RC frame structure can be considerably different when different steel models are utilized to represent the cyclic behavior of reinforcing steel bars in the RC section. Shown in the figure are the inter story drifts of a 12 story moment resistant RC frame. Solid black lines represent the response using a bilinear steel model while the grey lines represent the response of the same frame when a different and more sophisticated reinforcing steel model is used. Also, the responses are found to vary when the concrete constitutive model is changed as shown in Fig. 1 (a) and (b). These observations justify the development of rational and accurate constitutive models to characterize the cyclic response of reinforcing steel and confined concrete. Although there certainly are other important factors affecting seismic structural response such as concrete confinement, non-stationary characteristics of earthquakes, beam-column joint properties, etc., this paper, however, only focuses on thoroughly investigating and describing the main features of reinforcing steel, which need to be incorporated in a robust constitutive model of reinforcing steel. Some essential features of a cyclic model for reinforcing steel have earlier been examined by Restrepo-Posada et al. [3] . The key features of reinforcing steel are illustrated in this paper through conceptual diagrams and experimental data. The concepts described here are expected to contribute to future research on improving the modeling of reinforcing steel as well as to comprehend essential and critical properties of reinforcing steel bars observed during both monotonic and cyclic tests.
Experimental Observations
A series of experiments were carried out by the writers at the Structural Test Facility at the University of Southern California to investigate the cyclic and fatigue characteristics of reinforcing steel bars. To enable cyclic testing of steel reinforcing bars, the following test setup characteristics were identified: tensile and compressive loading; accommodate reinforcing bar sizes typically used for longitudinal reinforcement up to #18 (56 mm diameter); no physical alteration of the specimen over a given test length (six times the bar diameter, d b or L/d =6); ability to apply constant and variable amplitude strain histories to the specimen; and the need for a re-usable gripping mechanism for transferring force to the reinforcing bar. A special-purpose grip was designed and fabricated to satisfy the above requirements. A view of the complete grip system is shown in Figure 2 . As is evident from the figure, the gripping mechanism consists of four sets of tapered steel blocks with holes in orthogonal directions to accommodate post-tensioning rods. Also shown in the figure are dimensional details of a typical gripping block.
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Figure 2: Rebar gripleft: view of assembled grip with reinforcing bar in place; right: schematic view showing dimensional details of typical grip section
To accommodate the force requirements of specimens with diameters up to 56 mm, a pair of 1350 kN (300 kip) tension/compression servo-driven hydraulic actuators and a custom-designed reaction frame system was identified as the only viable alternative. A reaction frame was, therefore, designed to accommodate the needs of the proposed testing. The system consists of the actuators mounted to a reaction frame. The load is transmitted to the grips via a loading beam. The other end of the gripping mechanism is tied to an L-shaped frame. Figure 3 provides a general schematic drawing of the load frame and hydraulic actuator system with the gripping blocks in place. An additional guide system consisting of steel plates is connected to the horizontal beams to prevent any out-of-plane movement. The lateral guide system is not shown in the figure. 
Load and Deformation Measurements
A 1350 kN (300 kip) capacity (tension/compression) load cell was incorporated into each actuator. Deformation measurements were made using two types of sensors. Linear variable differential transformers (LVDTs) were mounted to the ends of the grip assembly and positioned to monitor the relative displacement between grips. Additionally, a standard extensometer with a gage length of 50.8 mm (2 in) was attached directly to the specimen. The strains used in the description of the stress-strain relationships are based on the extensometer strain measured across a gage length of 50.8 mm.
Observed Reinforcing Steel Behavior from Monotonic Tests
Prior to cyclic tests, monotonic tests were carried out to obtain the tension and compression bounding curves, which can be used as a basis for comparison with the deteriorated responses of reinforcing steel during cyclic loading. Although the cross section and the length between the two grips varies during the loading, the stress and strain response is computed using the initial cross section and length, which results in overestimation in compression and underestimation in tension as shown in Fig. 4 . Evidently, in true stress-strain space, the two curves would be identical before the effect of buckling controls the compressive response of reinforcing steel. Although a monotonic bounding curve without buckling can be produced with a smaller aspect ratio, the results presented here are based on a fixed aspect ratio of L/d = 6 which was also used in the cyclic tests.
Figure 4: Monotonic response in tension and compression of reinforcing steel

Observed Reinforcing Steel Behavior from Cyclic Tests
Diminishing Yield Plateau: The yield plateau is a very unique feature in the response of reinforcing steel, which never appears in other metals and high carbon steels as observed by some researchers [4 -6] . In engineering stress-strain space, the plateau is characterized by constant stress with increasing strain while in natural coordinates (or true stress-strain space) the stress will be observed to gradually increase as a result of the change in the cross section area and aspect length.
This feature brings about an interesting observation during a cyclic test as shown in Fig.5 . The dotted line shows the response from a typical cyclic test, where the hardening initiation point is marked with a circle (Fig. 4b ) on the solid line which represents the monotonic tensile envelop curve. During cyclic loading, the elastic-perfectly-plastic region (or the size of the yield plateau) on the monotonic envelope curve for the first loading branch is seen to diminish after a few cycles till the accumulated plastic strain reaches a certain limit value. Hence, the onset of hardening occurs earlier, which results in a diminished yield plateau during cyclic loading accompanied by strain hardening. This mechanism is strongly associated with Bauschinger effect and the growth of the curvature during cyclic loading, which are discussed in the following section.
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Bauschinger Effect and Growth of Curvature:
The Bauschinger effect is associated with the phenomenon of the size of elastic range getting smaller whenever the direction of straining is reversed during the cyclic test of ductile materials, and this is generally observed in most metals. On the other hand, the curvature of the stress-strain curve during each cycle keeps getting larger. The degree of the reduction of elastic ranges and the growth of the curvature [5] varies as a function of the accumulated plastic strain. This mechanism can be described as the process of strain hardening (cold-working) beyond the elastic range of the first cycle. As strain increases in one direction, the atoms of crystalline materials begin to be dislocated on a microscopic scale. Due to piling up of the dislocations, it becomes harder to increase the deformation in that direction, known as strain hardening. While reversal loading in the opposite direction is applied to the same structure, however, it would be much easier to attract dislocations in the opposite direction, and the strength is reduced not only because of local back stresses but also due to defects during the previous cycles. Therefore, it yields earlier during the reversal loading (Bauschinger effect). In other words, the larger deterioration inside the material influences the reduction of the elastic range (yield surface) and also the growth of curvature depending on the accumulated plastic strain, which results in strain hardening upon loading as shown in the Fig. 5a and strain softening during the reversed loading.
Low-Cycle Fatigue and Strength Degradation:
Bar rupture due to low-cycle fatigue and the associated strength degradation is one of the common features of reinforcing steel observed during cyclic loading, which the material model ought to be capable to capture. Repeated loading and unloading reduces the strength of reinforcing steel in each cycle and eventually leads the material to reach its failure limit even if it never reach the ultimate strength as shown in Fig. 6 . The rebar response shown in the figure was subjected to tension and compression cycles in the strain range from 0.2% to -0.2%, and it failed after 33 half cycles.
The fatigue strength is mainly controlled by the number of cycles and strain amplitude. Coffin and Manson [7 -9] developed the well-known fatigue life formula using two material parameters to facilitate prediction of bar rupture. A liner damage rule was proposed by Miner [10] to compute cumulative low-cycle fatigue damage based on the fatigue life formula. Also it was demonstrated by Kunnath et al. [11] that strength degradation can also be expressed using Coffin-Manson's fatigue life expression. Therefore, assuming that cumulative strength degradation and cumulative fatigue damage has linear relationship, this feature was successfully incorporated into a proposed constitutive model for reinforcing steel by Kunnath et al. [11] . 
Cyclic Stress Relaxation under Constant Strain Amplitude:
In addition to strength degradation due to low-cycle fatigue, another phenomenon associated with constant amplitude loading is stress relaxation. At the microscopic level, once the yield point is reached, metallic bonds are broken, resulting in structural line defects and pile-up of dislocations. The degree of dislocation accumulation controls the process of stress relaxation. To illustrate this concept, consider the stress-strain history shown in Fig.7a . The material is first subjected to tensile strain beyond yielding. If the material is now subjected to low-amplitude cyclic loading, upon reversal from a compression cycle a lower stress level is attained for the same strain amplitude. This is because the unloading strain in compression was limited and additional pile-up of dislocations in that direction is avoided thereby reducing the resistance to deformation in the tension cycle. Also, on the compression side, stress hardening is observed since less accumulation of dislocation during the tensile loading makes more room to accumulate dislocations in that direction. This phenomenon is also described in terms of the decrease in the average mean stress by Shao-Yeh Ma et al. [6] . The average mean stresses denoted by 1 m  , 2 m  , and 3 m  for each cycle are seen to systematically reduce under the limited strain amplitude as shown in Fig.7b .
Depending upon the average strain range, the responses will be totally different as shown in Fig. 7  (d) and (f) even if it has same type of constant amplitude loading because it brings about other issues mentioned in the previous sections related to the degree of plastic strain accumulation. The solid and dotted lines represent the first and the subsequent cycles respectively in Fig. 7 (d) and (f). Experimental results obtained from the strain history shown in Fig.7c are plotted in Fig.7d and corresponds to the concepts introduced in the previous paragraph and displayed in Fig.7b . In the next set of test results presented in Figs. 7e-f, the specimen is subjected to repeated cycles at a much larger strain range. In this case, the bar is first subjected to 6% strain in tension and then unloaded to zero strain. This is a fairly significant compression strain which leads to buckling of the bar specimen and increased strength degradation. Repeated cycling of the bar at this strain range causes bar rupture after 13 cycles.
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Advances in Concrete and Structures Buckling: Buckling is a type of geometric nonlinearity that is caused by compressive loading and can occur under both monotonic and cyclic testing [12 -14] . Once an initial imperfection appears, this geometric effect significantly influences the strength of the material. Therefore, the initiation and effect of buckling must be included in any constitutive model of reinforcing steel in a practical and efficient manner. For buckling to occur, the aspect ratio (bar length to diameter ratio: L/d) has to exceed a critical value and the strain range on the compression side must also be of sufficient Key Engineering Materials Vols. 400-402 magnitude. In the results shown above, the strain range for the response given in Fig.7 (d) is small enough to avoid buckling. However, in the case of Fig.7 (f) , there is evidence of strength degradation due to buckling. In Figure 8 , the cyclic response of a reinforcing bar with an aspect ratio L/d = 6 is shown for two strain ranges: in the first case the bar is subjected to equal tension and compression cycles at 3% strain while in the second case the cyclic loading is imposed over a strain range from 0 -4.0% strain. In each case, the solid line represents the first cycle, and the dotted lines show the remaining cycles. The rebar was ruptured during the second cycle due to larger accumulation of plastic strain for the case of +/-3% strain while the bar sustains four cycles before failure in the second test ( Fig.8 b) . The observed responses demonstrate not only the effect of buckling but also the combined outcome of Bauschinger effect, strain softening in compression, strain hardening in tension, low-cycle fatigue, and strength degradation. 
Conclusions
Some of the essential features observed during cyclic testing of reinforcing steel bars, such as diminishing yield plateau, growth of the curvature in cyclic stress-strain response, Bauschinger effect, low-cycle fatigue, stress relaxation, strength degradation, and buckling are described in this paper. Since all these features are relevant to the process of strength degradation and softening resulting from accumulated plastic deformation, a constitutive model for reinforcing steel needs to incorporate these effects. Moreover, a constitutive model plays a crucial role in predicting nonlinear structural response. Therefore, it is obvious that developing an advanced reinforcing steel model which can reasonably incorporate such features is indispensable in structural engineering applications to improve the accuracy of response prediction under complex cyclic loads such as earthquakes and other dynamic loads.
